Clara cell 10-kD protein (CC10) is a potent anti-inflammatory protein that is normally abundant in the respiratory tract. CC10 is deficient and oxidized in premature infants with poor clinical outcome (death or the development of bronchopulmonary dysplasia). The safety, pharmacokinetics, and anti-inflammatory activity of recombinant human CC10 (rhCC10) were evaluated in a randomized, placebo-controlled, doubleblinded, multicenter trial in premature infants with respiratory distress syndrome. A total of 22 infants (mean birth weight: 932 g; gestational age: 26.9 wk) received one intratracheal dose of placebo (n ϭ 7) or 1.5 mg/kg (n ϭ 8) or 5 mg/kg (n ϭ 7) rhCC10 within 4 h of surfactant treatment. Pharmacokinetic analyses demonstrated that the serum halflife was 11.6 (1.5 mg/kg group) and 9.9 h (5 mg/kg group). Excess circulating CC10 was eliminated via the urine within 48 h. rhCC10-treated infants showed significant reductions in total cell count (p Ͻ 0.0002), neutrophil counts (p Ͻ 0.001), and total protein concentrations (p Ͻ 0.01) and tended to have decreased IL-6 (p Ͻ 0.07) in tracheal aspirate fluid collected over the first 3 d of life. Infants in all three groups showed comparable growth. At 36 wk postmenstrual age, five of seven infants were still hospitalized and two of seven infants were receiving oxygen in the placebo group compared with two of seven hospitalized and one of seven receiving oxygen in the 1.5-mg/kg group and four of six hospitalized and three of six receiving oxygen in the 5-mg/kg group. A single intratracheal dose of rhCC10 was well tolerated and had significant anti-inflammatory effects in the lung. Multiple doses of rhCC10 will be investigated for efficacy in reducing pulmonary inflammation and ameliorating bronchopulmonary dysplasia in future studies. Bronchopulmonary dysplasia (BPD) affects 20 -60% of all premature, very low birth weight infants. It is associated with substantial morbidity and mortality as well as extremely high health care costs. Although the widespread use of exogenous surfactant and antenatal steroid therapy has reduced the overall severity of BPD, the prevalence of this condition has increased with improved survival of very low birth weight infants. BPD is a multifactorial disease process that is the end result of an immature, surfactant-deficient lung that has been exposed to hyperoxia, mechanical ventilation, and infection. These forces initiate a cascade of proinflammatory cytokines that lead to the development of significant inflammatory changes and chronic lung injury.
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Clara cell 10-kD protein (CC10) is also known as uteroglobin. It is a small homodimeric secretory protein that is produced by mucosal epithelial cells (1) . In humans, Clara cells are the main site of CC10 production (located in the airways), and several other organs synthesize smaller amounts of mRNA encoding this protein (2-4). CC10 also circulates in the blood and is excreted in urine (5, 6) . It is thought to have numerous anti-inflammatory properties and to play a significant role in modulating innate immunity. CC10 inhibits secretory phospholipase A 2 (7, 8) , an enzyme that degrades surfactant and facilitates prostaglandin biosynthesis. In vitro, CC10 has been shown to inhibit neutrophil, monocyte, and fibroblast chemotaxis and suppress IL-2-stimulated release of tumor necrosis factor-␣, IL-1␤, and interferon-␥ from human peripheral blood lymphocytes (9 -11) . In addition, CC10 inhibits the formation of the proinflammatory, fibronectin/IgA complex that may minimize fibrotic changes in the lung (12) . In vivo evidence of these anti-inflammatory properties comes from studies of transgenic mice deficient in CC10. Exposure of these mice to 100% oxygen results in earlier mortality as well as an exacerbated pulmonary inflammatory response (13) . More recently, rhCC10 was shown to decrease inflammation and facilitate clearance of infection in a mouse model of pulmonary respiratory syncytial virus infection (14) .
Very low concentrations of CC10 have been found in tracheal aspirate fluid (TAF) of ventilated premature infants relative to adult levels (6, 15) . The appearance of CC10 in the amniotic fluid dates from 16 wk of gestation and seems to increase as a function of gestational as well as postnatal age (16) . CC10 concentrations in TAF of premature infants who were born at 28 -32 wk of gestation has been found to be 2-4 orders of magnitude less than those found in the sputum of healthy adults (6, 15) . CC10 concentrations have been demonstrated to correlate negatively with the concentration of inspired oxygen required by preterm infants with respiratory distress syndrome (RDS) (17) . Most recently, Ramsey et al. (18) demonstrated that not only were CC10 concentrations lower in TAF from infants who either died or developed BPD, but also the limited amount of available CC10 was oxidized and demonstrated less immunoreactivity relative to controls.
It is the immune-modulating and anti-inflammatory properties of CC10 that make it a potential candidate for use in the prevention of BPD. We demonstrated previously that a single dose of intratracheal (IT) recombinant human CC10 (rhCC10), given at baseline to newborn piglets that were ventilated with 100% oxygen for 48 h, was safe and well tolerated. In addition, it seemed to improve gas exchange and lung compliance while reducing some inflammatory mediators (19) . A pharmacokinetic profile was also established, which led to the current Phase 1 multicenter, placebo-controlled, randomized trial to evaluate the safety and pharmacokinetics of rhCC10 in ventilated preterm infants with RDS. Newborn infants were eligible for randomization when the following criteria were met: 1) age Յ24 h; 2) birth weight between 700 and 1300 g; 3) gestational age Ն24 wk; 4) diagnosis of RDS based on clinical and radiographic criteria; 5) requirement for intubation and mechanical ventilation; and 6) receipt of surfactant, 100 mg/kg (Survanta; Ross Laboratory). Patients could be given subsequent doses of surfactant if clinically indicated after rhCC10 administration. Infants were not eligible for the study when any of the following were present: 1) major congenital abnormalities (chromosomal, cardiac, pulmonary, or renal); 2) evidence of perinatal asphyxia (defined as a cord pH Յ7.00 and/or an Apgar score of Ͻ4 at 10 min); 3) evidence of sepsis (as defined by total leukocytes Ͻ5000/mm 3 and/or an absolute neutrophil count Ͻ1000/mm 3 and/or an immature to mature neutrophil ratio Ն0.4); 4) enrollment in any other study involving administration of another investigational drug; 5) any other condition that, in the judgment of the attending physician, might increase the risk for adverse events.
The Institutional Review Boards at each site approved the study protocol and patient informed consent forms. Written informed consent was obtained from a parent or legal guardian for every patient enrolled in the study. An independent data safety monitoring committee (DSMC) that consisted of five members appointed by the National Heart, Lung, and Blood Institute monitored safety of the study on an ongoing basis. The DSMC received information on all adverse events and had authority to terminate enrollment in the study if deemed necessary. The randomization code for the study was provided to the DSMC for ongoing, unblinded evaluation of information on patients enrolled in the study.
Randomization. Patients were enrolled in two cohorts, each comparing study drug with placebo. The first cohort consisted of 12 patients, randomized so that one third (n ϭ 4) received placebo and the other two thirds (n ϭ 8) received 1.5 mg/kg of the study drug. After the first cohort of patients was enrolled and the safety data were reviewed by the DSMC, a second cohort of 12 patients could be potentially enrolled. They also were randomized so that one third (n ϭ 4) received placebo and the other two thirds (n ϭ 8) received 5.0 mg/kg of study drug.
Each of 24 randomization envelopes was labeled with the cohort (first or second) and the sequential number of the randomization envelope. All of the randomization envelopes were kept in the pharmacy at Winthrop-University Hospital, but each site had a supply of the study drug for formulation. When a site enrolled a patient in the study, the pharmacist at the enrolling site contacted Winthrop-University Hospital, where the next randomization envelope was opened and the patient was assigned to one of the three groups (placebo, 1.5 mg/kg, or 5.0 mg/kg). Using this information, the pharmacist at the enrolling site formulated the study drug in a volume of 2 mL/kg sterile, unbuffered saline.
Study drug administration. Each patient then received a single dose of the study drug (or placebo) as soon as possible after surfactant replacement therapy but not longer than 4 h after surfactant. Study drug or placebo was administered IT in two equal aliquots via a premeasured feeding tube placed into the distal third of the endotracheal tube, with the patient in the right and then left lateral decubitus position and 30 degrees of Trendelenburg. We previously demonstrated improved distribution with this method of administration (20) . rhCC10 was produced in Escherichia coli bacteria according to published methods (21) and purified by a proprietary process (Claragen, Inc., College Park, MD). The protein for the study was provided as a Ͼ98% pure solution of the human CC10 homodimer. The biologic activity of each batch was compared using a proprietary secretory phospholipase A 2 inhibition assay.
Collection of blood, urine, and TAF. Blood (0.3 mL) was obtained for the measurement of serum concentration of CC10 before drug administration (t ϭ 0, from umbilical cord blood) and at 6, 12, 24, 36, and 48 h. Urine samples were obtained at 12, 24, 36, and 48 h. Each urine sample consisted of the total volume voided over the previous 12 h.
TAF was obtained by instilling 1 mL of saline into the endotracheal tube and suctioning the fluid into a Leuken's trap. The catheter then was washed with an additional 1 mL of saline. In some cases, the first tracheal aspirate was obtained before surfactant administration (baseline). Subsequent TAF collections were obtained at 12, 24, 48, and 72 h. TAF was collected only when infants continued to require intubation and mechanical ventilation. The TAF was centrifuged at 300 ϫ g for 10 min to pellet the cells. The supernatant was removed and frozen at Ϫ70°C for CC10 ELISA and ELISAs for pulmonary inflammatory markers (19) . The cell pellet was resuspended, and cell counts were performed using a hemocytometer. Cell differentials were determined by cytocentrifugation and differential staining. Total protein was measured using the Pierce BCA technique, and a panel of cytokines (Multiplex Cytokine Analysis; Luminex Corp., Austin, TX) was measured in TAF from all three experimental groups at 0, 24, and 48 h of life.
Pharmacokinetics. A pharmacokinetic analysis was conducted on samples of TAF, serum, and urine samples using a competitive ELISA for human CC10 developed by the sponsor. The assay uses a single anti-human CC10 polyclonal antibody as a capture reagent. CC10 in the sample competes with a synthetic CC10 -horseradish peroxidase conjugate for antibody binding sites in the plate wells. Thus, the signal decreases with increasing CC10 concentration in the sample. Samples were run in duplicate, and a standard curve was run for each set of assays using rhCC10 calibrators. The limit of detection is 5 ng/mL, and the results were reproducible with coefficients of variation typically Ͻ20%.
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The assay does not seem to distinguish between native and recombinant CC10. Immunogenicity of the study drug was assessed by titration of anti-C10 antibodies in serum obtained at 28 d after administration.
Clinical indices of safety and tolerability. The safety and the tolerability of the study drug were assessed through 36 wk postmenstrual age (PMA) by comparing the incidence of adverse events in the treatment and placebo groups and with the historical incidence of the adverse events at each institution. These include apnea/bradycardia, culture-proven sepsis, patent ductus arteriosus, intraventricular hemorrhage, periventricular leukomalacia, necrotizing enterocolitis (NEC), and retinopathy of prematurity. In addition, a preliminary assessment of the efficacy of IT rhCC10 in decreasing the incidence of BPD was made on the basis of the following data: duration of mechanical ventilation, oxygen requirement at 28 d with an abnormal chest radiograph, oxygen requirement at 36 wk PMA, or date of discharge.
Growth parameters were assessed at birth, 28 d of age, and 36 wk PMA. Blood chemistries and liver function tests were evaluated at the onset of the study and on days 7 and 28 after administration. Complete blood counts and urinalyses were performed on enrollment; 24, 48, and 72 h; and 7 and 28 d after administration. Cranial ultrasounds were performed upon randomization and were repeated at 7 and 28 d of life.
Statistical analysis. Concentrations of CC10 and analysis of inflammatory markers over time were examined by using mixed-model ANOVA to test the interaction of time and dose. Nonparametric testing was performed when unequal variance was detected. Sample characteristics, the incidence of complications, and clinical outcomes were analyzed by Fischer exact test for categorical variables or one-way ANOVA for continuous variables.
RESULTS

Patients.
A total of 22 patients were enrolled in the study: seven in the placebo group, eight in the 1.5-mg/kg group, and seven in the 5.0-mg/kg group. There were two deaths in the study, one in each of the treatment groups, leaving 20 patients to be evaluated for clinical outcomes. Patient enrollment was stopped early because of a decreasing enrollment rate, and only 10 of the planned 12 patients were enrolled in the second cohort. There were no apparent differences among the groups at enrollment for gestational age, weight, sex, race, or Apgar scores (Table 1 ). There were no withdrawals from the protocol.
Pharmacokinetics. CC10 concentrations in TAF are reported for time points when there were at least three patient samples per group (Fig. 1) . This allowed for analysis of TAF samples for all groups through day 3 of life. Samples were not obtained when surfactant had been administered recently or when the infant had been extubated. At 12 h of life, CC10 concentrations in TAF from infants who were treated with the study drug was significantly higher than the placebo group, but there was little difference between the two groups that received rhCC10. Over the first 3 d of life, CC10 concentrations in TAF from infants who received placebo generally increased, whereas CC10 levels in treated infants tended to remain constant (1.5 mg/kg) or decrease (5 mg/kg; NS).
Serum concentrations of CC10 were similar in all three groups before treatment (Fig. 2) . Infants who received rhCC10 had substantially higher serum concentrations than infants who received placebo, and this varied in a dose-dependent manner.
Average peak serum concentrations were 1289 ng/mL at 1.5 mg/kg and 2794 ng/mL at 5.0 mg/kg, which were~15-60 times higher than normal serum levels in healthy adults. Average elimination half-lives were 11.6 h in the 1.5-mg/kg group and 9.9 h in the 5.0-mg/kg group, consistent with results from animal models (18) .
In urine, CC10 concentrations in treated infants increased in a largely dose-dependent manner but were comparable to placebo levels within 48 h of administration (Fig. 3 ). This excretion pattern was similar to that observed in experimental animals that were given comparable IT doses of rhCC10. . Serum concentrations of CC10 were similar in all groups at baseline. Infants who received CC10 had higher concentrations than infants in the placebo group, and this varied in a dose-dependent manner. Values were highest at 6 h in both treatment groups.
rhCC10 AND LUNG INJURY
An analysis of the potential immunogenicity of the study drug was conducted using serum samples that were collected on day 28 of life. Sera were tested for the presence of anti-CC10 antibodies. No evidence of antibody formation was present in any of the 28-d sera from any of the groups.
Pulmonary inflammatory indices. Total cell and neutrophil counts were performed on TAF fluids and are shown in Figs. 4 and 5. Insufficient TAF samples were available from the 1.5-mg/kg group for proper statistical analysis and presentation (infants from this group were extubated relatively quickly). TAF recovery was at least 75% of the instilled volume. Total cell counts were significantly lower in the 5-mg/kg group on days 1-3 compared with the placebo group (p Ͻ 0.0002, mixed model ANOVA; Fig. 4) . Similarly, neutrophil counts were significantly lower in the 5-mg/kg group relative to controls (p Ͻ 0.001; Fig. 5 ). Total protein was significantly lower in TAF from both treatment groups compared with placebo (p Ͻ 0.01; Fig. 6 ), suggesting that protein leak and macromolecular edema had been minimized.
A panel of cytokines (IL-1␤, IL-2, IL-6, IL-8, IL-10, interferon-␥, and tumor necrosis factor-␣) were measured in TAF from patients in all three groups at times 0, 1, and 2 d (with a minimum of three and maximum of seven samples per group).
For all cytokines other than IL-6 and IL-8, concentrations were at or below the level of detection. IL-6 concentrations tended to increase over time in the placebo group relative to both treatment groups (p Ͻ 0.07; Fig. 7) .
Clinical indices of safety and tolerability. There were no significant differences in the total number of days on mechanical ventilation [positive pressure ventilation and nasal continuous positive airway pressure (NCPAP); Table 2 ]. Patients in the low-dose rhCC10 group were on NCPAP for significantly fewer days than placebo control subjects (p Ͻ 0.05). When total days of mechanical ventilation were evaluated, there was still a tendency toward a reduction in the need for ventilatory support in this group (p Ͻ 0.07). Infants in the high-dose group (5 mg/kg) were mechanically ventilated longer than placebo control subjects (p Ͻ 0.05), but the overall number of days of ventilation and NCPAP were similar. In addition, there were no significant differences in the numbers of infants who were on oxygen and had abnormal radiographs at 28 d.
At 36 wk PMA (two infants had died), only one (14%) of seven patients in the low-dose group was still receiving oxygen compared with two (29%) of seven infants in the placebo group and three (50%) of six in the high-dose group (Fig. 8) . In addition, only two (29%) of seven patients in the low-dose Figure 6 . Effect of IT rhCC10 on total protein concentrations in TAF. Total protein was significantly lower in infants who received rhCC10 compared with control subjects (p Ͻ 0.01, ANOVA). group were still hospitalized compared with five (71%) of seven patients in the placebo group and four (67%) of six in the high-dose groups. These differences, however, were not statistically significant. When total number of days on oxygen was analyzed, there were no differences among the groups (Table  2) .
There were no significant differences in the incidence of nonrespiratory adverse events in the treatment and placebo groups ( Table 2 ). Three cases of NEC occurred at one center in rhCC10-treated infants. However, other premature infants who were not enrolled in the study at that center also developed NEC at the same time. Growth parameters were similar among the groups. Similarly, there were no significant differences in values obtained for blood chemistries, complete blood counts, or results of urinalysis among groups at any of the time points evaluated.
Lack of immunogenicity and specific toxicity. There was no evidence of immunogenicity or specific toxicity of rhCC10. No difference in signal between 28-d sera from rhCC10-treated and placebo-treated infants was detected, indicating that anti-CC10 antibodies were not present. In addition, there was no evidence of an increased incidence of bleeding, hemorrhage, or intraventricular hemorrhage as well as sepsis in rhCC10-treated infants compared with placebo control subjects.
DISCUSSION
This study is the first to investigate the use of IT rhCC10 in preterm infants who are at risk for developing BPD. We demonstrated that rhCC10 seemed to reduce pulmonary inflammation, thus lending support for its use as a promising therapeutic agent. In addition, no significant concerns regarding safety or tolerability were noted.
The anti-inflammatory properties observed for rhCC10 in this study are consistent with those previously reported in various animal models of lung injury. The significant decreases in both total cell count and total neutrophil counts in the lung demonstrated in this study are consistent with the dosedependent inhibition of neutrophil chemotaxis in bronchoalveolar lavage (BAL) fluid that was obtained from rhCC10-treated newborn piglets that were ventilated for 48 h (19) as well as the inhibition of pulmonary neutrophil infiltration with rhCC10 treatment demonstrated in other animal models (14, 19, 22, 23) . The significantly lower total protein concentration in TAF from human infants who were treated with rhCC10 is promising and is similar to the decreases in BAL protein concentration in ventilated newborn piglets that received rhCC10 (19) . These results suggest a reduction in vascular permeability and protein leak in infants who are treated with rhCC10.
Several studies in premature infants have demonstrated that increased concentrations of cytokines and cells that are present in TAF within the first few days of life are associated with the subsequent development of BPD, suggesting an intimate role of inflammation in the pathogenesis of BPD (24, 25) . Various animal studies have demonstrated that rhCC10-induced reduction in pulmonary neutrophil infiltration correlated with reduced cytokine formation (IL-8 in rabbits and lambs or MIP-2 in mice) as well as improved pulmonary histopathologic scores (14, 22) . Given the limitations that small pilot studies present and the intrinsic biologic variability inherent in infants, we are encouraged that in our study there was a suggestion that rhCC10 reduced cytokine concentrations (IL-6) in TAF that was collected on days 2 and 3.
An additional limitation of this study is the inability to obtain appropriate samples at later times as a result of patient dropout (extubation). Thus, it is difficult to come to significant conclusions in this small study about the time course of the anti-inflammatory effects of rhCC10. However, of the time points studied, the inhibition of cellular infiltrates was maximal on day 3. Similar timing was seen with respect to reductions in TAF total protein concentrations and proinflammatory cytokine levels in the infants.
The safety and pharmacokinetic data obtained in premature infants with RDS are consistent with observations from our previous study in ventilated newborn piglets (19) . The rhCC10 was well tolerated after IT instillation in both the infants and the piglets (no major desaturation/bradycardic episodes), and pharmacokinetic profiles were also similar. The instilled rhCC10 was taken up into the circulation and cleared from the blood of the newborn piglets within 48 h of IT instillation, whereas a small percentage of the dose administered was detected in the BAL at 48 h after administration. This was also observed in infants, and the higher doses of rhCC10 showed shorter serum half-lives in both species, suggesting that CC10 in the circulation may be homeostatically regulated. The concentration of CC10 in urine directly correlated with the concentration of CC10 in serum, indicating that a substantial portion of the excess circulating CC10 is excreted via the kidneys, confirming the origin of urine protein-1 (6) .
The CC10 concentration ([CC10]) in TAF varied with dose and decreased with time, except in the placebo group, in which an increase in endogenous [CC10] in TAF was noted on day 3 of life. Although there were no statistically significant differences between the placebo-and rhCC10-treated groups on days 2 and 3, the trends observed may be important. Whereas [CC10] in the TAF of the placebo group increased by day 3, Figure 7 . Effect of IT rhCC10 on IL-6 levels in TAF. IL-6 levels tended to be lower in animals that received rhCC10 (p Ͻ 0.07, ANOVA). No differences were seen in IL-8 concentrations. Measurements for all other cytokines tested were at or below the limit of detection of the assay (3 pg/mL).
rhCC10 AND LUNG INJURY
[CC10] in the 1.5-mg/kg group remained fairly constant over the first 3 d of life, and the [CC10] in the 5-mg/kg group decreased between birth and day 3. The increase in CC10 in TAF in the placebo group indicates an increase in production of endogenous CC10. The decrease in the 5-mg/kg group by day 3 suggests that the instillation of the higher dose may have suppressed endogenous expression of CC10 in the lung epithelia. Feedback inhibition is a common mechanism for the regulation of expression of proteins. Further studies will address the duration of these effects. rhCC10 administration did not seem to cause any significant safety issues in premature infants. In addition, IT rhCC10 did not elicit an immunogenic response from treated infants. The only adverse event that was increased in treated infants compared with placebo control subjects was NEC (NS), although it was difficult to attribute the NEC to the administration of rhCC10 for two reasons. First, excess CC10 was cleared from all infants by 48 h after administration and the three cases of confirmed NEC occurred 3-6 wk after administration. Second, all cases of confirmed NEC occurred at the same center. In addition, other cases of NEC occurred in this center in the same time frame in infants who were not enrolled in the rhCC10 study, suggesting a clustering of cases. Although it is unlikely that rhCC10 administration was related to the development of NEC, future studies will need to monitor this complication carefully.
There is some controversy that exists over the optimal method of comparing TAF data between groups; specifically, should directly measured values be presented, or should data be normalized using urea, secretory IgA, or total protein concentrations (to control for the effects of volume of TAF recovered; especially important when recovery volumes are quite variable)? We chose to continue with the interpretation of TAF data that we (and others) have published extensively in the past, because the recovery volume was at least Ն75% in all cases.
Previous publications related to the biologic activities of native rabbit uteroglobin and native human urine protein-1 suggest that CC10 may inhibit platelet aggregation and suppress the immune response in vivo (11, 26) . However, there was no indication that rhCC10 mediated these activities in either newborn piglets or infants. Although specific platelet function testing was not performed, there was no increased incidence of bleeding or infectious complications in rhCC10-treated infants compared with the placebo group. This is consistent with an independent analysis of the effects of rhCC10 on the in vitro aggregation of human platelets (W. Jeske, unpublished data). Our results are further supported by a recent report demonstrating a beneficial effect of rhCC10 in a mouse model of respiratory syncytial virus infection (14) .
As BPD continues to be a significant problem in the neonatal intensive care unit, new agents that can safely improve clinical pulmonary status are urgently needed. Agents such as recombinant human superoxide dismutase (27) and dexamethasone have been used in attempts to reduce inflammatory changes and lung injury. Whereas the prophylactic use of recombinant human superoxide dismutase has been shown to reduce pulmonary inflammation and improve long-term clinical status (27) , dexamethasone has been shown to improve short-term pulmonary function but potentially worsen long-term pulmonary and neurologic outcome (28, 29) . The reduction in inflammatory indices seen with rhCC10, in both animal models of lung injury and premature infants who are at risk for BPD, is comparable to that achieved with these agents. However, rhCC10 may be an even more attractive therapeutic agent given its effect on surfactant and phospholipase A2. Thus, in summary, rhCC10 demonstrated novel anti-inflammatory activities and a favorable safety profile in this small and preliminary phase I clinical trial. Future studies will involve varia- 
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tions in dosing regimens (e.g. multiple doses) to maximize efficacy and hopefully prevent the development of BPD in high-risk premature infants.
